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Combining experiment and theory, we investigate how a naturally created heterojunction (pn junction) at a graphene 
and metallic contact interface is modulated via interaction with molecular hydrogen (H2). Due to an electrostatic interaction, 
metallic electrodes induce pn junctions in graphene, leading to an asymmetrical resistance for electronic transport via 
electrons and holes. We report that an asymmetry in the resistance can be tuned in a reversible manner by exposing graphene 
devices to H2. The interaction between the H2 and graphene occurs solely at the graphene-contact pn junction and might be 
due to a modification on the electrostatic interaction between graphene and metallic contacts. We confront the experimental 
data with theory providing information concerning the length of the heterojunction, and how it changes as a function of H2 
adsorption. Our results are valuable for understanding the nature of the metal-graphene interfaces and point out to a novel 
route towards selective hydrogen sensor application. 
 
Graphene is a zero-gap semiconductor which charge carrier density and conductance can be controlled 
electrostatically by preparing graphene devices as field effect transistors.1,2 In such architecture, the contact resistance 
considerably impairs device performance and is responsible for a conduction asymmetry for p-doped and n-doped graphene.3–
8 This asymmetry stems from heterojunctions (pn junctions) formed at metal-graphene interfaces due to different work 
functions between graphene and metal – i.e. Fermi level pinning.9–13 Effectively, the advent of the pn junction results in an 
additional charge scattering at the metal-graphene interface increasing device resistance. On the other hand, interesting 
effects can be observed as well. For instance: heterojunctions at metal-graphene interface have been used to design Fabry-
Perot cavities11 and to observe resonances in Josephson junctions in graphene devices.14 In both systems, the metal-graphene 
interfaces have been considered a static problem, where the doping at the graphene underneath the contact is solely defined 
by the type of metal used. However, so far, a controllable method to probe and modulate the pn junction induced by contacts 
has not been reported. In addition, there are still open questions about how far a pn junction can extend from the contact into 
the graphene channel and if there are technological applications based on specialties of graphene contact resistance.3,4,6,7,14–16 
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In this work, we show that molecular hydrogen (H2) can reversibly modulate the heterojunction at the metal-graphene 
interface. Our experimental and theoretical approaches demonstrate that the heterojunction extends over few nanometers and 
that the electrostatic modulation of the interface is uniquely possible for small and polarizable molecules such as H2. 
Moreover, this discovery is valuable for understanding the metal-graphene interface and opens up applications for selective 
detection of H2 without chemical or physical functionalization.17 
Contact resistance in graphene devices has being extensively investigated.3–5,10,18,19 It is known that graphene devices 
produced in a Hall bar geometry (non-invasive contacts) show a more symmetrical conductance dependence with the gate 
voltage in both electron and hole branches.5 Conversely, in two-terminal, or in a four-probe geometry with contacts that go 
across the entire cross section of the device (invasive contacts), electron and hole conductance is essentially asymmetrical, 
which occurs as a consequence of the formation of a pn junction at the metal-graphene interface.4,5,9,11,18 In order to 
investigate the conductance modulation in graphene devices, we perform experiments on high quality graphene/h-BN devices 
showing charge mobility of the order of 𝜇 ~15,000 cm2/Vs at room temperature. 
We prepare graphene from the standard scotch tape method. Few-layer graphite is exfoliated on SiO2 (285nm thick) 
to be used as a back gate bias. Then, we transfer h-BN flakes first,20 followed by graphene atop of it, forming a graphene/h-
BN/graphite heterostructure. We also study graphene devices on top of h-BN/SiO2 substrate, where doped Si substrate acts as 
a back gate. In these devices, resistance is modulated by H2, as well as in graphene/h-BN/graphite devices, however, at 
temperatures higher than 100 °C we observe charging effects caused by possible trapped charges at h-BN/SiO2 interface.21 
Therefore, all data shown here are taken from graphene/h-BN/graphite architecture. The flatness and cleanliness of the 
graphite, graphene and h-BN are verified by atomic force microscope (AFM), and identification of graphene samples is made 
by optical analysis and by Raman spectroscope. After each material transfer, samples are submitted to an standard heat 
cleaning process in Ar/H2 at 350°C to remove organic residues.20 Electron-beam lithography and oxygen plasma etching are 
used to define the graphene geometry, and thermal evaporation of Cr/Au is used to fabricate the contacts (1/50nm). Finally, to 
remove polymer residues reminiscent from the lithography processes, devices are submitted to another heat cleaning process. 
Since our measurements are not performed in vacuum, an initial standard procedure is taken to remove humidity 
from the samples.22 Afterwards, the charge neutrality point (CNP) of our devices stays close to zero back gate voltage, 
indicating minor doping. Voltage measurements between probes are performed using standard lock-in techniques at a 
frequency of 17Hz, with a current bias of 100nA applied between source and drain, as it is indicated in Fig. 1. All 
measurements shown in this paper are performed at T=230°C – temperature at which the changes on resistance due to 
hydrogen interaction are more pronounced (see Supp. Mat.). As we show in Fig. 1(a), the resistance of a graphene device 
with non-invasive contacts tends to be symmetrical between the hole-branch (𝑉G < 𝑉G
D) and electron-branch (𝑉G > 𝑉G
D); 𝑉G is 
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the applied back gate voltage, and 𝑉G
D is the point that shows the resistance maxima. Meanwhile, if contacts are placed in the 
configuration shown at Fig. 1(b) (red curve), device resistance is asymmetrical, showing larger resistance at the electron-
branch when compared with the hole-branch for the same density of charge. In this invasive geometry, current has to flow 
through the metal-graphene interface and scattering due to the pn junction cannot be ignored. In general, electrical properties 
observed in graphene devices with invasive gold contacts indicate the presence of pn junctions at the contact region due to a 
p-type doping of graphene underneath the metal.3,5,18 
We now perform the same experiment adding H2 into the chamber. Firstly, we set initial conditions to the 
experiment applying a flow of ultra-pure Ar (500sccm), then we insert ultra-pure H2, keeping the total gas flow constant at 
500sccm. Fig. 1(a) shows total resistance (RT) as a function of gate voltage for a non-invasive four-probe device. In red, we 
depict the total resistance under pure Ar atmosphere (this data is identical to experiments performed in vacuum), and in black 
(dashed line) we show data taken under Ar+H2. For devices with non-invasive contacts, there is no significant change on the 
graphene resistance due to H2 exposure. Indicating that the molecular hydrogen does not transfer charge or react with the 
graphene channel, as expected.23,24 Meanwhile, for invasive configuration, the total resistance changes in an asymmetric 
manner when the sample is exposed to H2. Fig. 1(b) depicts how the device resistance decreases at the electron-branch (n-
type) and increases at the hole-branch (p-type) when a sample is exposed to a fixed concentration of 20% of H2 (gradient 
from red to blue lines in the Fig. 1(b)). In this figure, t0 depicts the data taken in pure Ar before H2 exposure, and tF is the 
final data taken under H2 exposure (~30min after inserting H2). The reversibility shown in the inset of Fig. 1(b) suggests that 
neither hydrogenation nor formation of permanent bonding occur. Indeed, we confirm the graphene integrity in graphene/h-
BN/SiO2 samples by Raman spectroscopy after the electrical measurements, and no significant “defective” D peak is 
observed.  
Our findings show that graphene devices with invasive contacts can be used to detect H2 without any kind of 
graphene functionalization, but we leave a more precise sensor characterization for further works. However, it is worth 
mention some details about H2 detection. Changes on contact resistance show to be thermally activated, exhibiting an 
enhancement at higher temperatures (see Supp. Mat.). In addition, the device response time – total amount of time necessary 
for the device to change from its previous state to a final state with a tolerance of 10% – is highly sensitive to hydrogen 
concentration. For instance, we perform experiments changing H2 concentration and the response time is around 10min for 
50% of hydrogen, and 40min for 0.1%. However, in order to avoid high concentration of H2 in our chamber, we perform 
most of our experiment using 20% of H2 as we present in this work. 
Asymmetries between graphene device resistance at the electron and hole-branch can be assigned to various reasons 
like different electron (hole) charge scattering cross-section due to impurities, charge inhomogeneity or contact resistance 
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effects.3,9,14,18 However, our experiments confirm that, at high quality samples, the contact resistance is responsible for the 
resistance asymmetries and molecular hydrogen is able to tune the scattering rate at the metal-graphene interface. This tuning 
process caused by the H2 molecules will be discussed in detail later. Let us first verify that Boltzmann theory captures the 
main features of the graphene/h-BN device at high temperatures. Fig. 1(a) shows that, as expected, devices with non-invasive 
leads show symmetrical resistance for both carriers, and contact resistance can be ignored. In addition, as we show in Fig. 
2(a), Boltzmann theory is a good approach to describe the data.25,26 Here, the main channel resistance is calculated by: 𝜎−1 =
 𝜌s + (𝑛𝑒𝜇 + 𝜎o)
−1; 𝜇 is the maximum charge mobility; 𝜌𝑠 is the contribution to resistivity from short range scattering; and 
𝜎𝑜 is the residual conductivity at the CNP. The discrepancy between data and Boltzmann theory near of CNP is due to 
thermo-activated charges. However, Boltzmann theory converges to the experiments near of the CNP at low temperatures 
(see Supp.  Mat.). 
In the case of devices containing invasive contacts, there are significant contributions of the electrodes, i.e., 
heterojunctions at metal-graphene interfaces. Thus, to model the total device resistance, we have to consider electrostatic 
effects at the interface between graphene and contacts. In our approximation, we consider two contributions: the resistance of 
the main graphene channel and the contact resistance (more details see Supp. Mat.). The main channel is described by 
Boltzmann theory, as discussed above, while the contact resistance has contributions of the classical Ohm’s law, as well as a 
quantum effects. This quantum contribution addresses scattering due to the pn junction at the interface (Rpn). Furthermore, for 
our four-probe terminal devices we do not consider the contribution of the classical contact resistance.4 
𝑅T = 𝑅pn + 𝑅[𝐿o − 𝐿] (1) 
Here RT is the total resistance of the device; R[Lo-L] is the main channel resistance calculated by Boltzmann theory; L and Lo 
are the lengths of the graphene channel and the heterojunction, respectively; Rpn is the resistance ascribed for the pn junction. 
The resistance of the interface Rpn is calculated via the Landauer formula (𝑅pn = [(
4𝑒2
ℎ
) ∑ 𝑇(𝑘y)ky ]
−1
), where 𝑒2 ℎ⁄  is the 
quantum of conductance and the sum incorporates the transmission probability (𝑇(𝑘y)) of each propagating mode (𝑘y) 
across the metal-graphene interface.27–29 
In Fig. 2(a) and 2(b), we show the resistance across the graphene devices measured in atmosphere of argon for non-
invasive and invasive contacts, respectively. With black circles, we show the fitting performed using our model described by 
equation 1. The good agreement between experiment and theory reinforces the existence of the pn junction at devices with 
invasive probes, while, for non-invasive electrodes, the influence of the pn junction is not observed. By performing a fitting 
of the theory on our experiments, we estimate the length of the pn junction interface. At ordinary devices, our best fitting 
indicates that the length of the interface is about Lmax~10nm long at 𝑛 = 2x1012cm-2. However, for the region close to CNP it 
is not possible to estimate the interface length due to energy fluctuation associated to the temperature (~40 meV at T=230°C) 
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and graphene disorder (~30meV estimated at T=4K). The interface length is in accordance with other works that indirectly 
estimate it.3,11,14 Also, the mean free path (𝑙mpf = 𝜎ℎ 2𝑒
2𝑘F)⁄  determined from the conductivity (σ) at 𝑛 = 2x10
12cm-2 is 
found to be about 60nm. Therefore, in graphene devices with interface length around 10nm, it is reasonable to consider 
ballistic transport across the heterojunction.29  
Finally, to understand how H2 modifies the length of this interface and the Fermi level pinning, we focus on the 
electrostatic interaction between graphene and contacts. It is expected that gold contacts stay at an equilibrium separation of 
about 0.3nm up to 0.5nm from the graphene layer.13 Thus, Au is weakly adsorbed over graphene, preserving its band 
structure; but, due to work function differences, charges can be transferred to/from the graphene, shifting the Fermi energy.4 
The amount of charge transferred depends on the difference between the work functions of graphene and the metal, as well as 
on the equilibrium separation, defining the doping at the graphene underneath the contacts.12,13 In addition, the imbalance 
between the charge density at the graphene underneath the metal and the graphene main channel results in an in-plane 
electrostatic profile in the graphene,13,30 leading to a formation of a pn junction with a length L along the graphene main 
channel (see insets in Fig 2 (d)). 
Now, we analyze the case where the metal-graphene interface is exposed to H2 molecules. The size of a molecular 
hydrogen is expected to be about 0.15nm, which is smaller than the gold contact equilibrium separation.23 So it is plausible to 
expect that some molecules are allowed to diffuse and position between the metal-graphene interface. This hypothesis is also 
likely to happen, since gold has a low H2 diffusion coefficient31 and does not react32 with H2. Also, our non-invasive 
experiment clearly shows that H2 does not interact with the main graphene channel (Fig. 1(a)). This analysis supports that the 
conductance changes due to H2 exposure only happen at the metal-graphene interface in the invasive configuration. 
Therefore, it is possible that the molecules change the interface potential due to the creation of a dipole layer at the interface 
between graphene and contact31,33 or changing the equilibrium separation as well.12,13 However, the simulation of this 
phenomena is out of the scope of this work. 
In this context, our results help to better understand the pn junction at the metal-graphene interface. Besides that, it 
shows that the hydrogen considerably modifies the Fermi level pinning induced by gold contacts, causing an inversion in the 
doping – from p-type to n-type. The contact resistance modulation under H2 exposure is shown in Fig 2. Fig. 2(c) shows the 
resistance asymmetry between the charge carriers. Rodd is defined as the difference between the device resistance of the 
electron-branch and the hole-branch at the same charge density:5 𝑅odd(∆𝑉G) =
1
2
[𝑅(𝑉G
D + ∆𝑉G) − 𝑅(𝑉G
D − ∆𝑉G)]. Initially, 
we observe a higher device resistance for electrons compared with holes, which is consistent with an existence of a pn 
junction at the contact interface; graphene main channel is n-type doped and graphene near the contacts are p-type doped. 
Nevertheless, the inversion of Rodd indicates that the metallic contact is now performing an n-type doping instead, and 
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confirms that the presence of H2 modifies the Fermi level pinning induced by the contact from p-type to n-type (see inset Fig. 
2(d)). Besides that, a small shift of the CNP (∆𝑉 =  0.18 V) can be noticed in Fig. 1(b). This shift can not be addressed to 
charge transferring from H2 to graphene, since it is only observed at devices with invasive electrodes. Therefore, we believe 
that the shift of the CNP is caused by a change on the average density of charge due to the inversion of the doping underneath 
the contacts.12,13 
Another property of the heterojunction which we tried to roughly estimate is the length of the pn junction. The 
length (L) depends mainly of the unknown doping level underneath the contact and the doping at the main graphene channel, 
as it is illustrated by the inset in Fig. 2(d). We estimate L~10nm at VG=2V assuming a symmetrical heterojunction (n-type 
doping in the main channel is equal to p-type doping underneath the contacts). This value is in agreement with previous 
works,3,11,14 and it gives us a rough idea of how much the heterojunction can extends from the contacts.  
Finally, in an attempt to investigate the selective detection of H2, we also run experiments involving different gases 
including helium, nitrogen, argon and oxygen. Exposing the samples to He, N2 and Ar we do not observe any change on the 
device resistance or in the CNP. For a more reactive gas like oxygen, as expected,22,34 we observe an extra p-type doping, but 
no change in the Rodd (see Supp.  Mat.). Again, this reinforces that, as the best of our knowledge, the pn junction is solely 
changed under H2 exposure. Fig. 3(a) depicts the change of the device resistance (∆R) at fixed back gate voltage (𝑉G =
−1.5 𝑉) and concentration (20%) as a function of time for He, N2 and Ar gases under a constant gas flow of 500sccm. This 
result indicates that the modulation of the device resistance asymmetry discussed here is a selective way of detecting 
molecular hydrogen. In addition, the response time is highly sensitive to hydrogen concentration, demonstrating faster 
response time for higher molecules concentrations. The same reversible and asymmetric modulation is seen from 0.1% (the 
lowest concentration limit of our testing system) up to 50% of H2, as shown in Fig. 3(b). In both figures, we define ∆R as the 
change of the device resistance relative to the initial resistance, i.e. the device resistance only with Ar. Also, by comparing 
the different curves in Fig. 3(b), it is evident that the devices respond faster to the adsorption of hydrogen than to the 
desorption process. Our results show that graphene devices with invasive contacts effectively can work as a selective H2 
sensor without any functionalization, even at room temperature. 
In summary, we have investigated the pn junction in graphene/h-BN devices caused by invasive contacts both 
experimentally and theoretically. Our analysis shows that the pn junction can be modulated in an asymmetric and reversible 
manner by hydrogen molecules at the metal-graphene interface. Our model points out some intrinsic factors that affect high-
performance graphene devices: contact interface length and pn junction resistance. In addition, our results are valuable for 
understanding the metal-graphene interface, demonstrating the necessity of incorporating quantum aspects to the contact 
resistance. Lastly, it shows that graphene with invasive contacts can be used as a selective detector of molecular hydrogen.  
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Fig. 1 
 
Fig. 1: (a) The total resistance (RT) as a function of back gate voltage (VG) at non-invasive four-terminal graphene device on 
top of h-BN/graphite under argon (Ar) (red curve) and molecular hydrogen (H2) exposure (black dashed curve) at T=230°C. 
The black dashed curve is obtained after 30min of Ar+H2 exposure. (b) RT vs VG as a function of the time in the H2 exposure 
at invasive four-probe device at T=230°C. The gradient from red to blue curves indicates the time variation from Ar to Ar+H2 
flow; t0 depicts data taken only with Ar before H2 exposure, and tF is taken after 30min under H2 exposure. The inset shows 
RT as a function of time by H2 exposure for electron- (e) and hole- (h) branch for a fixed back gate voltage, -1.5V and +1.5V, 
respectively. Turned ON means Ar+H2 (20%) flow, while turned OFF only Ar flow. The right panels are false-color AFM 
images of devices measured applying current bias. Scale bar, 500nm. 
 
 
 
 
 
 
 
 
 
 
Fig. 2 
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Fig. 2: RT as a function of charge carrier concentration (n) for non-invasive (a) and invasive (b) four-terminal graphene device 
at T=230°C, respectively. The inset in Fig. 2(b) shows the energy fluctuation associated to temperature and device disorder. 
In both figures the experimental data are shown in red and the fitting are shown in black circles. The asymmetry for invasive 
probes originates from the quantum contribution of the contact resistance, which thereby forms a pn or pp junction along the 
graphene channel during the VG sweep. Meanwhile, for non-invasive electrodes only a p or n doping is observed in the 
graphene channel originated from the back gate applied. (c) The asymmetry between electrons and holes by showing the odd 
part of the resistance (Rodd) versus 𝑉G - 𝑉G
D; where 𝑉G
D is the point that shows the resistance maxima. The modulation caused 
by H2 at the interface can be seen clearly by the inversion of the doping induced by the contact, and in the Rodd. (d) pn 
junction length (L) as function of the time during the hydrogen exposure estimated by the fitting using equation 1. Purple 
circles are the pn length estimated by fitting our experimental data. The insets in the Fig. 2(d) show the schematic profile of a 
pn junction along the graphene channel before (left) and after H2 (right) exposure. Gray region indicates the main graphene 
region, while the light-blue and light-red regions represent the region under the interface potential. 
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Fig. 3 
 
Fig. 3: (a) Changing of device resistance (∆R) as a function of the time for different gases at a fixed concentration (20%) 
mixed to argon at T=230°C. The solid blue, dashed gray and dotted green curve depicts the mixed with H2, N2 and He, 
respectively. (b) ∆R vs Time for different H2 concentration. Data was taken at fixed back gate voltage of VG = -1.5V with 
graphene main channel p-type doped. However, the same time dependence is observed with graphene n-type doped. 
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I –  Device resistance as a function gate voltage at several temperatures 
 
Using an invasive contact configuration, we performed measurements of resistance as a function of several 
temperatures ranging from room temperature up to 230oC. Figures S1(a-c) show the experimental data taken at the following 
conditions: constant gas flow of 500sccm of molecular hydrogen (concentration of 20%) at three different temperatures 
(room temperature (25oC), 150oC and 230oC respectively).  
Initially, the sample is under 500sccm of ultra-pure Ar (Fig. S1(a)), and shows an asymmetrical resistance as a 
function of the gate voltage, with a larger resistance for n-type doped graphene (VG > 0 V). With addition of molecular 
hydrogen, the device resistance at the n-type branch decreases while the device resistance at the p-type branch (VG < 0 V) 
increases. This behavior happens for all the temperatures but is enhanced at higher temperatures, showing that the tuning of 
the contact resistance induced by hydrogen molecules is thermo activated. Also, the time response is faster at high 
temperatures. At room temperature, it takes 3 h until the device resistance saturates and stops to vary under Ar+H2 
atmosphere. Moreover, the hydrogen desorption process takes an even longer period – approximately it takes 12h for a 
complete return of the device electrical properties to its initial conditions. On the other hand, at 150oC it takes about 60min 
after hydrogen exposure for the device to reach the saturation point. The hydrogen desorption process is also longer, but now 
it takes about 6h to restore to initial conditions. At 230oC, the device resistance reaches its saturation point about 30min after 
hydrogen exposure, taking about 3h to restore to it is initial conditions. It is important to point out that the adsorption and 
desorption times also depend on the hydrogen concentration as shown in the main text. 
 
Fig. S1: Total resistance (RT) of graphene devices with invasive contacts as a function of back gate (VG) at: (a) Room 
temperature; (b) 150oC and; (c) 230oC. The black curves indicate the measurements under argon (Ar) and the red curves show 
the mixed flow of Ar+H2. 
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II – Modeling the device resistance for invasive contacts 
 
In the case of devices containing invasive contacts, there are significant contributions of the electrodes, i.e., pn 
junction to the device resistance. Thus, to model the device resistance, we consider electrostatic effects at the interface 
between graphene and contacts. Nearby the electrodes, the Fermi energy monotonically changes from the main channel up to 
the contact (see Fig. S2(a)). When the imbalance between the electrostatic potentials at the interface leads to a formation of a 
heterojunction, an additional resistance has to be considered. It is important to mention that a heterojunction in graphene 
behaves slightly differently from heterojunction in conventional semiconductors. For instance, due to conservation of pseudo-
spin, transverse chiral charge carriers in graphene get completely transmitted through the barrier – a phenomena known as 
Klein tunneling.1,2 However, any transverse carriers are allowed to cross the barrier with a smaller probability depending on 
their incident angle. At this point, two effects can be considered to determine the transmission probability of the carrier: 
pseudo-spin mismatch and an approach that considers the tunneling of the charge carriers through the barrier. In our naive 
approximation, we will ignore conservation of pseudo-spin, and we calculate the transmission probability of oblique carries 
considering the tunneling over the barrier as it has been described by Cheianov et al.1–3 Even though pseudo-spin mismatch 
also contributes to the increase of the device resistance due to the heterojunction. 
To model the resistance of a graphene device one has to consider two contributions: the resistance of the main 
graphene channel and the contact resistance (illustrated in the bottom of the Fig. S2(b)). The main channel, as discussed 
above, is well described by diffusive Boltzmann theory, while the contact resistance has contributions of the classical Ohm’s 
law as well as a charge transmission through a heterojunction at the graphene-contact interface (Rpn). In our simple 
approximation, we consider a symmetrical electrostatic profile at the metal-graphene interface, and we ignore effects due to 
diffusive contribution through to the metal-graphene interface. Also, for our four-probe terminal devices we do not consider 
the contribution of the classical contact resistance.4 
𝑅T = 𝑅pn + 𝑅[𝐿o − 𝐿] (1) 
Here RT is the total resistance of the device, R[Lo-L] is the main channel resistance calculated by Boltzmann diffusive model, 
Lo is the length of the graphene main channel, L is the length of the pn junction, and Rpn is the resistance ascribed for the pn 
junction. The resistance of the interface Rpn is calculated via the Landauer formula, where 𝑒2 ℎ⁄  is the quantum of 
conductance and the sum incorporates the transmission probability of each propagating mode across the metal-graphene 
interface.1 
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𝑅pn = [(
4𝑒2
ℎ
) ∑ 𝑇(𝑘y)ky ]
−1
 (2) 
By using Wentzel Krames Brillouin approximation, the transmission probability is given by 𝑇(𝑘y) = 𝑒
−𝜋𝐿𝑘y
2/𝑘F , 
where 𝑘F = √𝜋𝑛 is the Fermi momentum and 𝑘y = 𝑘F𝑊 2𝜋⁄  is the transverse momentum related to graphene channel width 
(W) and charge carrier density (n).1–3 
Fig. S2(b) shows the resistance across the graphene measured in atmosphere of argon for invasive contacts. With 
black circles, we show the fitting performed using our model described by equation 1. The good agreement between 
experiment and theory, as discussed in the main text, reinforces the existence of the pn junction at devices with invasive 
probes. 
 
Fig. S2: (a) Schematic view of a pn junction along the graphene channel. Blue region indicates the main n-type graphene 
region, while the light-blue and light-red regions represent the region under the interface potential. L0, L and W are the full 
channel, doped channel length and channel width, respectively. The top part shows a band structure across a smooth pn 
junction. n1 (n2) indicates the doping at the main channel (interface) with its n (p)-type doping induced by the back gate 
applied (contact doping). The bottom part represents the resistances ascribed by equation 1. (b) RT x n for invasive four-probe 
device at T=230°C. The inset shows the energy fluctuation associated to temperature and device disorder. In Fig. (b) the 
experimental data is shown in red and the fitting is shown in black circles. The asymmetry for invasive probes originates 
from the quantum contribution of the contact resistance, which thereby forms a pn or pp junction along the graphene channel 
during the VG sweep. 
 
 
III – Limitations of the Boltzmann theory at high temperatures 
The device resistance, ignoring effects due to contact resistances, is well described by the Boltzmann transport 
diffuse model.5 However, there are some discrepancies between experimental data and Boltzmann diffusive theory near the 
charge neutrality point (CNP) due to thermal fluctuations.6 This can be observed by comparing the fitting using Boltzmann 
theory in our data taken at -269oC (4K) and 230°C (500K) – see Figure S2. At 4K, thermal fluctuation can be neglected and a 
good agreement between the Boltzmann theory and our experimental data is observed, even close to the CNP. At higher 
temperatures, as shown here for data taken at 500K, Boltzmann theory converges to the experimental data except at the CNP. 
The maximum resistance is strongly affected by thermal fluctuations and diverges from the theory. This effect is very evident 
in the fittings depicted in the Fig, S2(b), where an acceptable agreement between our theory and the data is only possible 
away from the CNP. 
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Fig. S2: Total resistance (RT) versus back gate voltage (VG) for measurements taken at 4K and 500K. The circles are the best 
fits for each temperature. 
 
IV – Measurements during oxygen exposure 
Using an invasive contact configuration, we also performed measurements at 230oC with 10% of oxygen into the 
chamber. For this procedure, the total gas flow was also 500sccm. Fig. S3(a) shows RT x VG for a two probe device. In red, 
we depict the total resistance under pure Ar atmosphere, and in blue we show data taken under Ar+O2. The charge neutrality 
point shifts positively after O2 exposure, indicating a p-type doping, and also there are changes in the charge carrier 
mobilities: hole mobility increases and the electron mobility decreases, as discussed elsewhere.7,8 However, as shown in Fig. 
S3(b), the odd resistance does not change after the oxygen exposure. Therefore, it indicates that O2 does not affect the pn 
junction underneath the contacts and only interacts with the graphene main channel. 
 
Fig. S3: (a) RT x VG at 230oC. The red curve indicates the measurements under Ar and the red curve show the mixed flow of 
Ar+O2. (b) The asymmetry between electrons and holes by showing the odd part of the resistance (Rodd) versus 𝑉G - 𝑉G
D; 
where 𝑉G
D is the point that shows the resistance maxima. From this figure, one can easily observe no modification caused by 
O2 at the interface, keeping the same p-type doping induced by the gold contacts.  
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